Extensions of the MSSM often predict the existence of new fermions and their scalar superpartners which are vectorlike with respect to the standard model gauge group but may be chiral under additional gauge factors. In this paper we explore the production and decay of an important example, i.e., a heavy isosinglet charge −1/3 quark and its scalar partner, using the charge assignments of a 27-plet of E6 for illustration. We emphasize that, depending on the symmetries of the low energy theory, such exotic particles may decay by the mixing of the fermion with the d, s, or b quarks; may decay by leptoquark or diquark couplings (which may nevertheless preserve a form of R-parity); or may be stable with respect to renormalizable couplings but decay by higher-dimension operators on cosmological times scales. We discuss the latter two possibilities in detail for various assumptions concerning the relative masses of the exotic fermions, scalars, and the lightest neutralino, and emphasize the necessity of considering the collider signatures in conjunction with the normal MSSM processes. Existing and projected constraints from colliders, indirect experiments, proton decay, and big bang nucleosynthesis are considered.
I. INTRODUCTION
As the beginning of data-taking at the CERN Large Hadron Collider (LHC) rapidly approaches, there has been an increase in research into both the possible new physics opportunities as well as the challenges facing experimenter and theorist alike. The focus of attention has thus far been squarely on new physics of a supersymmetric nature, in particular on the minimal supersymmetric extension of the Standard Model (MSSM). This is undoubtedly a well-justified approach, but in our preparatory studies of opportunities and challenges at the LHC it is wise to sometimes take a broader view of what the TeV scale may reveal. There has recently been a growing appreciation [1, 2, 3, 4, 5, 6 ] of the possible difficulties in connecting data to underlying theories, focusing on extracting parameters of the MSSM Lagrangian or distinguishing the MSSM from some other paradigm of new particle physics. In this paper we wish to consider another possibility. We will consider here the case in which the "usual" new physics signal from the states of the MSSM is combined with that from additional supersymmetric states accessible at the TeV scale. In particular, we will consider the presence of additional vector-like pairs of SU (3) triplets which are singlets under the SU (2) of the Standard Model but carry non-vanishing hypercharge (as well as possible additional U (1) ′ charges).
Such states, which we will denote as D and D c in this work, are among the most well-motivated extensions of the MSSM particle content. For example the supersymmetric SU (5), SO(10) and E 6 grand unified theories (GUTs), as well as non-supersymmetric E 6 , predict the existence of such states [7, 8] , though only in the E 6 case (or in nonminimal versions of SU (5) and SO(10)) can some of them have electroweak-scale masses without severely compromising the lifetime of the proton. Simple enlargements of the electroweak sector of the MSSM incorporate these states, to saturate anomaly cancelation constraints in U (1) ′ models and/or to contribute to the radiative breaking of the extended symmetries [9, 10, 11, 12, 13, 14] . U (1) ′ extensions 1 may arise, for example, as variations on the NMSSM [15] for generating dynamical µ terms. Structures of these sorts arise routinely in top-down string constructions, particularly those of the heterotic string [16, 17, 18, 19, 20, 21, 22, 23, 24] -so much so, in fact, that the E 6 -version of D and D c are often referred to simply as "superstring-inspired" exotics. Yet more significant (for our purposes) than these motivations is the simple fact that the existence of additional vector-like pairs of SU (3) triplets is a very real logical possibility that will have a significant impact on the experimental environment at a hadron collider such as the LHC. . 2 In explicit string constructions one finds that additional triplets/antitriplets of SU (3) often have U (1) ′ charges that distinguish these states from their GUT counterparts. 3 In this regard the present work serves as a complement to similar Consider, for example, the various logical possibilities for interaction between exotic D and D c states and the fields of the Standard Model. The simplest scenario, and the one that is usually studied, especially in the nonsupersymmetric case, is one in which the exotic D and the Standard Model d are allowed (by the conserved quantum numbers) to mix, as are the conjugate fields D c and d c . Another scenario might forbid this sort of mixing (e.g., because of R-parity conservation), but allow renormalizable interactions between the new D, D c and Standard Model fields in the superpotential. Depending on the quantum numbers of the exotic states a range of possible production and decay mechanisms would then be operative, including interactions that are leptoquark or diquark in nature. Still another possibility is that some new symmetry -or combination of symmetries -forbids these renormalizable interactions but allows higherorder interactions in the superpotential. In this case the new exotics would be "quasi-stable"; they would have a lifetime that implies stability on collider timescales (approximately 100ns or longer) but might decay sufficiently quickly to avoid cosmological limits on such objects. Finally, we mention the possibility that the exotic particle is absolutely stable or stable on the time scale of the age of the universe. This would imply cosmological difficulties and is also severely constrained by searches for heavy stable particles, e.g., in sea water (for a review, see [36] ). However, these difficulties could possibly be avoided if the reheating temperature of the universe after inflation was very low [37] , especially if the mass is larger than a TeV [38] .
In this work we will therefore cover a variety of such phenomena: new signatures and new challenges for connecting data to theories, cosmological issues of long-lived heavy SU (3)-charged states, and indirect constraints coming from limits on rare processes. The goal is to be as comprehensive as possible in enumerating all the logically distinct ways in which these exotic quarks and squarks can manifest themselves in Nature. In each case we wish to ask what are the constraints on the existence of these new states, and by what observational methods will we infer their existence? We would also like to know how the answers to these questions will depend on the free parameters of theories which contain such exotics. To this end we will need to consider an array of possibilities instead of any one paradigm. Nevertheless, to be concrete, one needs to discuss phenomena in terms of a model or class of models. We will therefore choose representative ones when necessary, but we strive to treat everything as model-independently as is possible. We note that several specific models that fall into this class have already been studied at length, but other aspects treatments of new SU (2) doublets and new Higgs singlets [15, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34] or other types of new physics [35] at the LHC.
which we cover have hardly been mentioned in the literature. More complete references to existing studies will be provided in the appropriate sections.
The rest of the paper is organized as follows. In Section II we will provide some background on E 6 -based models and explain the various ways that exotic isosinglet quarks and squarks can arise. Much of this material will be a review of previous work. In Section II C we will provide five benchmark scenarios defined by the masses of the exotic fermion and its scalar superpartners. These benchmark cases are designed to cover a range of likely soft supersymmetry breaking mass scales and subsequent phenomenology. In Section II D we take a first look at production processes for these exotics at hadron colliders, and discuss the modifications we made to the PYTHIA event generator to handle these new states. Section III summarizes the bounds on exotic SU (3)-charged isosinglets arising from direct searches, rare flavor-changing processes and cosmology. The latter are constraining only for cases in which the exotic states are quasi-stable. In Section IV we look at the collider phenomenology of this quasi-stable case in great detail, and give the discovery reach for such states at the LHC. Section V is devoted to the collider phenomenology of scenarios in which the exotic decays promptly in the detector through renormalizable interactions. For technical reasons we will here focus on the more tractable case in which the exotic has leptoquark-type couplings, reserving the diquark case for a separate work. Additional material is contained in two appendices.
II. OUTLINE OF CASES
In this section we will present some basic model concepts that will allow us to treat the phenomenology of exotic D and D c quarks in a semi-unified manner. The smallest extension of the MSSM capable of incorporating all of the phenomena mentioned in Section I is motivated by E 6 GUT symmetries. Systems based on the E 6 gauge group (or its various subgroups), with matter states arising from the fundamental 27 representation, have been in the past -and continue to be nowan appealing framework for organizing models of beyond the MSSM physics [39, 40, 41, 42, 43, 44, 45, 46, 47] . From within this framework many interesting limits and sub-models can be studied: quasi-stable exotics, exotics which mix with SM fermions, promptly decaying leptoquarks, promptly decaying diquarks, and so forth. Let us emphasize that we are not interested in any particular E 6 model, nor do we even insist that all elements of grand unification are present. 4 We will also not con-cern ourselves much with the additional richness that such models present (new Z ′ -bosons, new Higgs doublets, additional neutralinos and Higgs singlets, challenges for neutrino mass generation and gauge coupling unification, etc.). We merely introduce some basic facts of E 6 -inspired models for the sake of coherence of presentation and as an example of consistent, anomaly-free exotic particle quantum numbers that can be consistent with gauge unification. Many constructions which do not fit into the E 6 framework can give rise to the physics we will describe in Sections IV and V, and our discussion of the consequences of exotic D and D c pairs will be quite general.
A. General Framework
The E 6 gauge group decomposes to the gauge group of the Standard Model as
where the designation of the particular U (1) combinations U (1) ψ and U (1) χ are traditional and chosen for convenience of notation. The above symmetry breaking can occur by a variety of physical means. For our purposes the exact mechanism is unimportant, though we might imagine a string-theoretic origin for our exotics, in which case a Wilson line breaking analogous to the Hosotani mechanism may be envisioned [48] . There are two additional U (1) factors beyond those of the Standard Model. One or two linear combinations of these factors may remain intact to very low energies, though both must be broken at the electroweak scale. We will assume the associated Z ′ -bosons are heavy enough to be irrelevant to the LHC phenomenology we wish to explore.
Each fundamental representation 27 of E 6 contains the Standard Model representations given in Table I . The particle content of the 16 representation of SO (10) is augmented by a pair of Higgs doublets, a pair of exotic quarks D and D c and a singlet field S. This particle content is anomaly-free by construction. Achieving three generations of Standard Model fields therefore implies three generations of Higgs fields, exotic triplets/antitriplets and singlets. With the field content of Table I it is well known that gauge coupling unification cannot be achieved consistent with the measured low-energy values of α 3 , α em and sin 2 θ W . This can be easily remedied by the introduction of additional fields in an anomaly-free manner [12, 49, 50] . As this is imthe E 6 relations between the Higgs and D, D c Yukawa couplings must not be respected in order to avoid rapid proton decay. Fortunately, string constructions often do not honor such relations. material to our purposes we will not consider the issue further.
The purpose of introducing the field content of the 27 representation was simply to motivate the form that superpotential interactions of D and D c might be allowed to take. The renormalizable superpotential for E 6 is simply given by W = λ ijk 27 i 27 j 27 k . However, we do not insist on full E 6 invariance of the superpotential, but rather use this form to motivate the classes of allowed couplings. When decomposed into the appropriate components under (2.1) W then becomes
where
and the convention for numbering the interactions is taken from the review of Hewett and Rizzo [8] . We have restricted our attention here to one relevant generation of each. This could be achieved by appropriate assumptions concerning the Yukawa matrices and/or the vacuum expectation values (vevs) of the singlet fields S i . We will usually restrict our attention to a single generation of D and D c quarks as well, but for now we retain the generation label.
If we were to demand invariance only under the Standard Model gauge group then additional bilinear and trilinear terms (e.g., terms involving just the standard model fields which violate R-parity) could be added to (2.2) [51] . 5 If we require invariance under only the Standard Model plus one additional U (1) factor then some subset of these additional terms may be allowed. If one additional U (1) factor arising from the original E 6 is retained to low energies it is traditionally parameterized as 5) where the charges Q χ and Q ψ are those given in Table I. Any choice of θ E in (2.5) allows all the terms in (2.2)-(2.4), by construction. Higher-dimensional, nonrenormalizable operators are also possible in the superpotential. Their presence or absence depends on which linear combination in (2.5), if any, is assumed to be present at low-energies. For the sake of concreteness, when necessary we will choose U (1) ′ charge assignments for these fields according to the U (1) η combination with θ E = 2π − tan 
B. Charge Assignments
If both (2.3) and (2.4) are present simultaneously then it is impossible to assign an unambiguous B and L quantum number to D and D c -thus B and L are broken. In this case the exotic SU (3)-charged states will mediate rapid proton decay. We will therefore insist on separately conserved quantum numbers B and L and choose superpotential terms to allow definite B(D) and L(D) assignments. This will always imply a trivially conserved R-parity quantum number using the standard definition
3(B−L)+2s . When only (2.3) is present then one can assign the quantum numbers B(D) = 1/3 and L(D) = 1 so that R p (D) = −1 and R p ( D) = +1 and we can identify D as a leptoquark. With only (2.4) we have B(D) = −2/3 and L(D) = 0 and the same R p assignment; the state D is then a diquark. Note that in these two cases the D and D c are like H u and H d : the scalar is the "standard" particle and the fermion is the "partner". So the R-parity distinguishes5's associated with the 16 of SO(10) from those coming from the 10's of SO (10) . In this case the only renormalizable operators allowed are those of (2. In this case both (2.3) and (2.4) are forbidden, leaving only the first two lines of (2.2). At the renormalizable level, therefore, this is an accidentally conserved quantum "D-number" for the exotic fields and they are stable. Operators connecting the fields D and D c to the Standard Model may be allowed at the non-renormalizable level, however, depending on the U (1)
′ charge assignments. 6 In particular, for the case of the U (1) N combination, where
15 [46, 47, 52] , the combination of B, L, and U (1) N symmetry forbids the renormalizable operators beyond the first two lines of (2.2), but allows the dimension-five operators 3 and therefore violate the extra U (1) symmetries. The case of mixing between exotics and SM quarks (through arbitrary mechanisms) and its phenomenology has been well-covered in the literature [53, 54, 55, 56] , especially in the non-supersymmetric case. We will therefore focus on cases where such a sneutrino vev or other mechanism is absent for the rest of this work.
C. Mass Patterns
We list in (2.2) the operators λ 4 and λ 5 for completeness, but they are not particularly relevant for our study. The field S is a singlet under the Standard Model gauge group, but generally carries charges under additional U (1)'s which arise from the breaking of E 6 to the Standard Model. A vev for this field would generate both an effective µ parameter as well as a supersymmetric mass for the D and D c . It will also generally break one or more additional U (1)'s, producing new (heavy) Z ′ -bosons. As these facts are not relevant to the phenomenology we will pursue in subsequent sections, we will not consider them further. We do note, however, that the scalar mass matrices for the D and D c will generally depend on the charges of these fields under any additional U (1)
′ through various D-terms.
Like the squarks and sleptons of the MSSM, the exotic scalar sector can also be described by a 6 × 6 scalar mass matrix. Unlike the MSSM fields, however, the fermionic modes are not protected by Standard Model chiral symmetries from receiving large masses. In fact, we generally expect the scalar and fermionic components to receive a common, supersymmetric mass determined by the vev of some field such as the singlets S i in (2.2). Let us for the moment restrict our attention to the case of one generation of exotics. Defining S ≡ s and keeping in mind the definitions λ 4 s = µ eff and λ Table II . We will use these benchmark points to illustrate aspects of collider phenomenology in Sections IV and V below.
For a particular set of U (1) ′ charges we can define the mass splittings 2 ). If the quantity ∆ 1 is positive, then the lightest exotic particle (LEP) is the scalar. If it is negative then the LEP is the fermion. 7 As an example of the types of mass hierarchies that are possible in this parameter space, let us take the charges of the U (1) η model with g ′ = g Y at the electroweak scale. Let us also fix the value of tan β = 10, µ eff = 370 GeV and λ 4 = 0.5 (implying s = 740 GeV).
Contours of ∆ 1 and ∆ 2 for fixed values of the (common) scalar mass m D0 = m e D = m e D c = 400 GeV are shown in Figures 1 and 2 , respectively. The shaded regions in the lower right of the plots are theoretically excluded in that they produce a tachyonic eigenvalue of the exotic scalar mass matrix. For these low values of the soft scalar masses the majority of the parameter space admits a hierarchy in which the scalar is the LEP. In the limit as m D → 0 (as is effectively the case for the fermions of the Standard Model), or in the limit where A 5 → 0, the hierarchy is such that the scalars are generally heavier than the fermions. This region has a lower bound dictated by direct searches limits on the mass of exotic SU (3) charged fermions, which we will discuss in the next section. For convenience we have labeled the relevant benchmark points from Table II. In Figures 3 and 4 the same pair of quantities are plotted but with the supersymmetric fermion mass m D held fixed at 300 GeV. Again, the region in the lower right is excluded from theoretical grounds. From these plots it is clear that the fermion is the LEP unless the soft scalar 
D. Production at Hadron Colliders
We expect strongly-interacting particles with the masses given in Table II to be produced relatively frequently at hadron colliders. In this section we will discuss the production cross-section for the leptoquark and diquark cases before considering the direct search limits in the next section. Some aspects of the production of exotic SU (3)-charged states have been considered elsewhere [55, 56, 57, 58, 59, 60, 61] , at varying levels of sophistication and approximation.
As our goal is to be as complete as possible, we will consider the following ten 2 → 2 production processes:
+ f (and c.c.), with five each for the leptoquark and diquark cases. In addition, the couplings of W DQ in (2.4) allow for the possibility of resonant production of exotic diquark scalars through quark or anti-quark annihilation. Where unavailable in the literature (or where available expressions were incomplete) we have computed the relevant parton-level production cross-sections to leading order and checked them against the results of CompHEP [62] . These expressions have been collected in Appendix B. The numerical evaluation of these cross-sections -as well as all collider analysis performed in this work -was carried out with the PYTHIA 6.327 computer package [63] . While the publicly-available version of PYTHIA does contain a scalar leptoquark, it does not have its superpartner, nor the diquark cases we wish to study. In addition, the scalar leptoquark contained in PYTHIA does not interact with the fields of the MSSM and can only decay into a quark and a charged lepton. Therefore some substantial modification to the off-the-shelf PYTHIA package was required. We wish to briefly describe these modifications here in this section before proceeding. Further details of the analysis tools will be given in Section V.
Adding the desired new particles and interactions required the modification of three existing subroutines and the addition of three new routines. Six new particles (two scalars and a fermion for the leptoquark and the diquark) were added to empty positions in the relevant common blocks, specifically the PYDAT2, PYDAT3 and PYDAT4 common blocks. Masses and mixings of the new states were computed using the formulae of (2.8) via a new routine which parallels that of PYTHRG for standard MSSM scalars. A call to this new routine was inserted into the pre-existing PYMSIN SUSY initialization subroutine. Decay rates for the exotics into Standard Model and MSSM states are computed and the necessary decay tables populated with a new subroutine which is called from PYINIT. We will discuss the specific decay products considered in Section V below.
The eleven new production processes were inserted into empty positions in the relevant common blocks, namely PYINT2, PYINT4 and PYINT6. The parton-level crosssections were computed in a new subroutine called from the PYSIGH master routine. The most significant modification of a pre-existing routine involved PYSCAT, which sets up the hard scattering process and documents the color flow through the interaction. For the leptoquark interaction, standard PYTHIA color flow algorithms suffice, but not so for the diquark interactions of (2.4). These vertices involve three triplets or three anti-triplets of SU (3) -an interaction not present in the Standard Model. Such cases were not part of the original menu of color flow options in PYTHIA, so new ones were designed and inserted into the ICOL array for both diquark pair production and resonant production of scalar diquarks. The essence of these modifications was to generate place-holding "junctions" to serve as sinks or sources of color/anti-color. This modification is in the spirit of those used to study R-parity or baryon-number violating processes in the MSSM [64] . The above modifications allow us to simulate the eleven hard-scattering processes at LHC energies. For the sake of simplicity we will always take λ 6 = λ 7 and λ 9 = λ 10 in performing simulation-based calculations. We will refer to this common coupling as λ, understanding that a different λ value is implied for the leptoquark and the diquark. Resonant production of scalar diquarks was studied in detail elsewhere [65, 66] ; we postpone discussion of this case to Section V. The production crosssections for leptoquarks are given in Figures 5 and 6 , while those for the diquark case are given in essary to specify the masses of the superpartners of the Standard Model fields in order to unambiguously compute the production rate at the LHC. For the analysis presented here we will choose the well-studied benchmark model SPS 1A from the "Snowmass Points and Slopes" collection [67] , in which the relevant masses are md 1 ≃ mũ 1 = 535 GeV and mẽ 1 = 146 GeV. The full set of superpartner masses for this benchmark point will be discussed in Section V below.
The rate for production of exotic fermions is roughly an order of magnitude larger than that for identical-mass scalars, as one typically expects [3] . The five cases in Table II were specifically chosen to give at least one exotic state in the 300-400 GeV range, ensuring a reasonable production rate at the LHC. In fact, the total production rate of exotics in Cases A-C in Table II is roughly equivalent to the total production rate of "standard" MSSM superpartners for the SPS 1A benchmark model. This implies that it should be possible to place meaningful limits on exotic masses and couplings from direct searches at existing colliders. We therefore turn our attention to direct and indirect experimental constraints on these parameters.
III. CURRENT EXPERIMENTAL BOUNDS A. Direct Search Constraints
The exotic quarks D and D c are charged under SU (3) and (as we demonstrated in the previous section) can thus be produced in large numbers through QCD pro-cesses. Limits can be placed on their masses by measuring the cross-section × branching ratio for the exotic scalars and fermions into certain final-state topologies. These branching fractions -and to some extent the production rates as well -depend on the values of the allowed Yukawa interactions such as those in (2.2). Here we wish to briefly summarize the limits placed on certain manifestations of exotic SU (3) triplets from various collider searches.
For diquarks current limits extend only to scalars which decay exclusively to pairs of jets. These jets can be produced resonantly with an exotic scalar in the schannel. The CDF experiment was able to exclude diquarks of the E 6 type at the 95% confidence level in the mass range of roughly 300 to 450 GeV by measuring the cross-section to produce a resonant pair of dijets in a certain invariant mass window [68, 69, 70] . For reduced branching ratios (which is the case for much of our parameter space) the limit essentially disappears.
Leptoquarks have been more thoroughly studied at a number of collider environments. The D0 experiment reported a limit in Run I of the Tevatron on the pair production of scalar leptoquarks which decay to the final states ννqq, ℓνqq and ℓℓqq for first and second generation charged leptons. This corresponds to a mass limit at the 95% confidence level of 98 GeV for exclusive decay to the quark/neutrino final state. For Br(D 0 → ℓq) = 1 the reported limit was m [81] . The limits from H1 are similar [82] .
Quasi-stable exotics require more specific search strategies which will depend on the manner in which they interact with the elements of the detector. The best limits come from the CDF search for massive charged hadrons which interact only weakly with the calorimeter but are tracked in the muon system. The lack of observed events puts a limit on the production cross-section for such exotic hadrons which corresponds at the 95% confidence level to an exotic fermion of charge |q| = 1/3 of m D > ∼ 190 GeV [83] . Much weaker bounds on hadrons built from squarks and gluinos have been obtained from ALEPH at LEP [84] .
B. Indirect Bounds
There are a great many constraints on R-parity violating operators in the MSSM 8 . In addition to direct searches at colliders, there are stringent indirect constraints from proton decay (which essentially forbid the simultaneous presence of diquark and leptoquark operators), neutron oscillations, K −K and B −B mixing, CP violation, rare B decays, lepton number and lepton flavor violating processes, neutrino masses, cosmology and astrophysics, and many other sources.
Many of these processes also constrain the leptoquark and diquark couplings λ 6 − λ 10 defined in (2.3) and (2.4) of the exotic supermultiplets D and D c . As described in Section II B, we assume that either the leptoquark operators or the diquark operators are present, but not both, and also that the scalar neutrinos ν and ν c do not acquire vacuum expectation values. In that case there are conserved baryon and lepton numbers and R-parity, implying the absence of proton decay (at least from the terms in (2.2)) and neutron oscillations, and also that there is no mixing between D or D c and the ordinary d or d c quarks. There are nevertheless many constraints from rare processes, analogous to those in the MSSM with R-parity violation, involving an internal D and/or D c line. These were studied many years ago by Campbell et al. [92] assuming specific relations between the scalar and fermion exotic masses and the other supersymmetry breaking parameters. A reanalysis of the constraints with more recent experimental values and general mass parameters is beyond the scope of this paper. 9 Moreover, there are many couplings involved when family indices are included, often allowing individual constraints to be evaded by judiciously tuned choices of the dominant ones, and there is also the possibility of cancelations between 8 For recent reviews, see [85, 86] . Older reviews include [87, 88, 89, 90, 91] . 9 Some specific processes have been considered in [93, 94] .
diagrams. Because of these uncertainties, we will simply utilize the most stringent MSSM constraints for which there is a simple correspondence with a relevant diagram for exotic particle exchange, with the understanding that the constraints are to be considered a rough guide rather than a rigorous limit. Furthermore, our focus is mainly on couplings to the first two generations. Weaker bounds typically apply to couplings to the third generation.
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The most stringent relevant constraint on the leptoquark couplings is from the SINDRUM II limit
on µ − e conversion [95] . There are several relevant treelevel diagrams in the R-parity violating MSSM, but only s-channel D 0 or D c 0 exchange are relevant in the exotic model. From the MSSM analyses [96, 97] we estimate
if we assume |λ [98, 99, 100, 101, 102] , for which there are important contribution from box diagrams involving four diquark vertices and also from boxes involving a W exchange as well as two diquark vertices. Using the estimates of [100] , the most important diagrams for the exotic case involve boxes with two internal exotic supermultiplet lines and two internal u, c, or t supermultiplet lines. Again ignoring the possibilities of cancelations or fine-tuning the family indices, one finds that typically
for the couplings involving external d or s and internal u i .
C. Cosmological Bounds
A number of significant constraints on the properties of quasi-stable particles, particularly quasi-stable hadrons, arise from cosmological observations. The most severe bounds come from the successful prediction of light element abundances by the Big Bang Nucleosynthesis (BBN) model. When the value of the baryon-tophoton ratio η ≡ n B /n γ of (6.10 ± 0.21) × 10 −10 from the WMAP three year results [103] is used, the theoretical predictions of the standard BBN scenario are in reasonable agreement with the observed abundances of deuterium D, 3 He, 4 He, 6 Li and 7 Li. These successful predictions are based, however, on a set of assumptions about early-universe physics. In particular they assume the Standard Model field content and set of interactions. The presence of late-decaying exotic particles beyond the Standard Model are therefore likely to change the physics that ultimately gives rise to the primordial abundances of light elements.
Constraints on long-lived exotics arising from BBN depend on two key quantities: the abundance of the exotic and its lifetime. Shorter lifetimes are generally less wellconstrained than longer ones, but even if the exotic particle decays wells before the epoch of BBN (beginning roughly at the temperature scale T ∼ 0.7 MeV), there can be conflict with the successful BBN predictions if the abundance of the exotic is too large. The relic abundance is a function of the annihilation cross-section for the (un-hadronized) exotics in the early universe. We will consider the issue of relic abundance below, but first we summarize the principal observational constraints on any new long-lived particles.
If some new state decays with a lifetime greater than roughly a tenth of a second, then it will decay during or after the epoch at which BBN takes place, and the decay products can potentially alter the predictions of BBN. They can mediate additional interconversion between protons and neutrons beyond that of the Standard Model interactions at early stages of the BBN process. At later stages these decay products can cause hadrodissociation or photodissociation of the primordial background nuclei. The implications of these non-standard processes are explained in detail in [104, 105] . We will here merely sketch the conclusions before applying these results to the model of Section II.
Constraints on new long-lived particles apply to states with lifetimes τ in the range 10 −2 sec < ∼ τ < ∼ 10 12 sec. Roughly speaking, the type of constraint depends on the epoch in which the new state decays, and this can be divided into three temporal regions. For states decaying with lifetime 10 −2 sec < ∼ τ < ∼ 10 2 sec hadronic decay products from the exotic are likely to lose energy very quickly through electromagnetic processes. They are therefore insufficiently energetic to destroy the newlycreated light element nuclei. Nevertheless, strong interactions allow scattering of these decay products with protons and neutrons, generating interconversion between the two (in particular conversion of protons into neutrons). This is even after these baryons freeze out with respect to electroweak conversion processes. The resulting increase in the ratio of neutrons to protons results
FIG. 9: BBN Constraints on New Hadronically Decaying
Particles. This figure, reprinted with permission from the authors of [105] , summarizes the constraints arising from BBN on a particle of mass m X = 1 TeV that decays exclusively to hadronic Standard Model states. The various contours represent bounds arising from the observation of different primordial element abundances. The vertical axis indicates the relic density Y X (i.e., the ratio of number density to entropy) of the exotic multiplied by the amount of energy released into interacting particles per exotic decay. For this plot that fraction is 100%, or E vis = m X .
in a higher yield of deuterium and 4 He than is observed experimentally.
For longer-lived particles with 10 2 sec < ∼ τ < ∼ 10 7 sec the mesons from the decay products tend to decay before they have a chance to interact with the background neutrons and protons. Thus the n/p ratio is likely to be unchanged. But the hadronic decay products from the exotics will be emitted with a higher kinetic energy than the thermalized nuclei of the light elements. In this case hadrodissociation of alpha-nuclei is common and the result is nonthermal production of deuterium and 6 Li. Finally, for the case of very long-lived exotics in which 10 7 sec < ∼ τ < ∼ 10 12 sec even the neutrons from the decay of the exotics will now have time to decay before interacting with background nuclei. In this case photodissociation from emitted photons and hadrodissociation are competitive processes. The constraint arises from nonthermal overproduction of 3 He. These constraints from BBN are summarized in Figure 9 , where the region above and to the right of the various curves are excluded.
11 As indicated in the preceding paragraphs, the bounds arise from different observations depending on the lifetime τ of the exotic. For shorter 11 This plot is reprinted from Ref. [105] with permission of K. Kohri.
lifetimes the principal bound arises ultimately from observations of primordial 4 He (as indicated by the mass fraction Y p ) and primordial deuterium (as indicated by the ratio D/H). The pairs of curves for these two observations reflect different estimates for extracting the primordial abundances from current observations. For the case of the primordial mass fraction of 4 He these estimates are from Izotov and Thuan (IT) [106] and from Fields and Olive (FO) [107] . In the case of deuterium the "high" and "low" estimates differ in whether or not the recent data of Webb et al. [108] is included in the fit. For intermediate lifetimes the 6 Li observations are most constraining, while very long lifetimes are most constrained by observations of 3 He. The relic abundance is determined by the annihilation cross-section. For definiteness we will assume that the lightest exotic particle (LEP) is a fermion.
12 The annihilation proceeds most often through QCD processes into quarks and gluons, with a thermally-averaged cross section 15) where the first term is for gluons and N f is the number of quark species that may appear in the final state. For our purposes we will take N f = 5. This, and the corresponding formula for scalar LEPs, 13 can easily be computed using appropriate modifications of the cross sections for the inverse processes listed in Appendix B. In addition, we will assume that 50% of the energy is carried away by non-interacting decay products (such as the LSP of a supersymmetric theory). With these assumptions, the nature of the BBN constraint will depend crucially on the exotic lifetime.
Let us consider the model suggested in section II B in which all renormalizable operators allowing for the decay of the exotic SU (3) triplets/antitriplets are forbidden. Then the first case of allowed decay operators arise at mass dimension five via the operators listed in (2.6). There are therefore three kinds of decay channels for the quasi-stable fermion D, depending on its mass. If the D is heavier than the two superpartner bosonic particles and/or the sum of the scalar Higgs and S masses, then three body decays into a fermion and two scalars will 12 It is also quite possible that the mass difference between the scalar and fermion is smaller than the LSP mass. In this instance both the fermion and scalar would be quasi-stable. Similar statements apply to heavier generations of exotics. 13 If the LEP is a scalar, the averaged annihilation cross section at temperature T is σ|v|
the T /m D 0 factor is because the annihilation into quarks is pwave suppressed [109] . Since T /m D 0 ∼ 1/20 at freezeout, the annihilation is mainly into gluons, with a cross section about 2/3 that for the case of a fermion LSP, and the corresponding relic density about 50% higher.
dominate.
14 Should this decay be kinematically forbidden, two-body decays into a massless fermion and scalar Higgs or scalar S may be induced through the first operator of (2.6). As we expect our exotic states to have masses well in excess of 100 GeV to avoid the direct search constraints of Section III A, we will assume that the decay channel D → dh is always available through this operator. Lastly, the same operator will allow the decays D → dZ, uW through mixing effects. If the exotic fermion D is lighter than all scalar quarks and leptons it will decay primarily through these processes.
For three body decays into a (massless) fermion and two (massive) scalars the decay width is given by
where C i is a numerical factor that depends on the particular final state and K 3 represents the integral over phase space. It is 1/3 neglecting the scalar masses, and in general is
where x A,B = 2E A,B /m D with E A,B the energies of scalars A and B. The integration limits are given in the Appendix of [110] . The quantity M * is the mass scale that suppresses the higher-dimensional operators in the superpotential. Two body decays into a fermion and scalar are given by
for decays into scalars (m A = m h or m s ) and vectors (m A = m W or m Z ), respectively. Clearly the resulting lifetime τ D of the exotic fermion is a strong function of the relative masses of the states in the theory and will be sensitive to precisely how many decay channels are available to the exotic. To be concrete, let us consider the U (1) N case described in Section II B, with the dimension-five operators of (2.6). Only the first operator allows for mixing or two-body decays (assuming no vevs for the superpartners of the Standard Model fields or ν c ). A conservative estimate of the lifetime can be made by assuming only decays into first generation fields, allowing only those channels for which the fermion final states are massless (i.e., no decays into Higgsinos or singlinos), and assuming no decays into heavy Higgs states or Z ′ . This results in 14 partial widths for the final states: dZ, uW , dh, ds, dsh,
The prefactors for these cases are given by 21) and unity for the final states arising from the final operator of (2.6). α is the usual MSSM mixing angle for the Higgs scalar mass eigenstates. For the decays involving the second operator in (2.6), with only first generation particles, the two fields arising from the two quark doublets (of which there are two possible combinations) must not have the same color. Hence the total counting factor gives C i = 4. For completeness, we also consider the decays mediated by virtual W 's and Z's for m D < ∼ m W (decays involving virtual h, s, or Z ′ are much less important than other allowed decays for all masses). The result of a straightforward calculation, using the partial rates calculated in [53] , is
is the D L − d L mixing angle (assumed small) and sin 2 θ W ∼ 0.23 is the weak angle. In (3.22) we have assumed that the D mixes only with the d, neglected CKM mixing, and included decays into three families of massless leptons and five flavors of massless quarks. W − Z interference and identical particle effects are included for the duū and ddd channels, respectively.
To obtain numerical estimates it is necessary to postulate specific mass values for certain scalar fields. Let us take mf = 500 GeV for all scalars of the MSSM, m s = 1000 GeV for the singlet scalar field, 15 m h = 115 GeV, s = 740 GeV and tan β = 10. We also will take the decoupling limit for the MSSM Higgs sector such that the mixing angle α is given by α = β − π/2. The resulting lifetime is plotted in Figure 10 as a function of exotic fermion mass M D and the mass scale of the dimension five operator M * . As the actual numerical values of these results are sensitive to the masses of the scalars (as well as the number of decay channels considered), the results in Most of this range can generally be excluded from direct collider searches (though this is a model-dependent statement) as discussed in Section III A. Above this mass scale the lifetime generally decreases rapidly, particularly for M D greater than twice the typical scalar mass of the squarks and sleptons. We conclude from Figure 10 that for reasonable exotic masses and suppression scales M * (i.e., M * less than or equal to the reduced Planck mass) the primary constraints will involve proton-neutron conversion and hadrodissociation of background alpha nuclei.
From the cross-section (3.15) the freeze-out temperature T f and relic density Y D of the exotic particle can be computed using standard techniques [109] . For each value of M * there exists a unique pair of values for τ D and E vis Y D (or τ D and M D ) which can be compared with the experimental bounds. In Figure 11 we have plotted these contours as a function of M * for the values 10 18 , 10 17 , 10 16 , 10 15 and 10 14 GeV and overlaid them on the limits from Figure 9 . The darker shaded region is the union of all constraints from Figure 9 using the weakest bounds for D/H and Y p , while the lighter shaded region extends this disallowed space by using the more restrictive values for these quantities. Along each curve We again stress that there are several factors that can change the impact of the light element abundance constraints on the exotic mass. Some of these factors would serve to weaken the bounds on M D for a given M * : changing the scalar masses for superpartners (in particular m s ), allowing additional decay channels into Higgsinos, singlinos and second/third generation quarks, allowing additional energy to be carried off by non-interacting particles, and so forth. Furthermore, it has recently been suggested that hadronized exotics should be expected to undergo a second round of annihilation shortly after the QCD phase transition [111] . This can serve to dilute these bounds considerably as well. We therefore conclude that it is not unreasonable to assume that should string-inspired exotic states exist, with decay amplitudes suppressed by a mass scale somewhat below the reduced Planck scale, then they may very well exist in mass ranges relevant to the upcoming LHC experiment. Such scales could emerge in string constructions with some dimensions larger than the Planck length, or be associated with non-Planck scale physics. In the next section we will consider the phenomenological implications of this scenario, before returning to the case of prompt decays in Section V.
IV. QUASI-STABLE EXOTICS AT THE LHC
Given the discussion from the previous section, it is reasonable to assume that exotic new triplet/anti-triplet SU (3) representations will hadronize into color-singlet states on a rapid time scale. These exotic hadrons have come to be known as R-hadrons in the literature and we will adopt that name for them here. These R-hadrons will be stable on the time scale of the detector and can be treated as hadrons for the duration of their interaction with the detector elements. There has been some discussion of such quasi-stable exotics in the literature, but this has been primarily with regard to long-lived gluino-based R-hadrons [112, 113, 114, 115, 116, 117] . While the phenomenology of long-lived triplet/anti-triplet representations will be similar, there are important differences. We will therefore revisit the subject in this section and focus on the signature of such states at the LHC experiments. Our analysis will be sufficient to give a sense of the discovery reach of the LHC for such new states, though a more refined analysis with a full detector simulation will no doubt sharpen the conclusions obtained here.
A. Collider Phenomenology
Unlike the previous studies which assume a gluino component for the R-hadron, here the exotic component can be a scalar or a fermion. Furthermore, these earlier papers were generally motivated by scenarios with very heavy scalars, thus assuming only direct pair production of gluinos. Here there is the very real possibility of producing pairs of the heavier states in the supermultiplet; the next-to-lightest exotic particles (NLEPs). Depending on the mass differences involved, these states may then decay into the LEP which subsequently hadronizes. This provides an additional handle for triggering and event reconstruction which we will describe in the next subsection.
Another important distinction between the case of the gluino and that of the exotic quark is in their SU (3) representation, which impacts the sorts of R-hadrons that can form and their interaction cross-sections with the detector elements. Like their gluino counterparts, exotic triplets and anti-triplets can form R-mesons and Rbaryons, with the former kinematically favored at the initial hadronization stage. However, the R-hadrons considered here will necessarily have one fewer "active" quark than those of the gluino-based variety. As a result, the total cross-section for R-hadron interactions with protons and neutrons will be proportionally reduced.
The R-meson states will include Dd and Dū combinations (as well as the anti-states) and the R-baryons will include Ddd, Duu and two combinations of Ddu (as well as their anti-states). 16 The meson states will be approximately degenerate in mass, with the bulk of the mass being accounted for by the exotic component. We thus expect roughly 50% of the R-mesons formed at the initial vertex to be charged. Once produced, charged R-mesons will leave tracks in the inner detector elements. The R-mesons will pass largely unaffected through the electromagnetic calorimeter and enter the hadronic calorimeter. Here the R-hadrons will undergo a series of interactions which include elastic scattering off nucleons, charge-exchange interactions with nucleons and meson-to-baryon/baryon-to-meson interactions [114] . These processes yield an interaction crosssection of roughly 12 mb for R-mesons and 24 mb for R-baryons. The array of possible interactions depends on the R-hadron itself and reveals an important asymmetry.
R-mesons of the form Dq will preferentially undergo meson-to-baryon transitions by extracting two quarks from a target nucleon and producing a light pion in the final state. The resulting Dqq R-baryon will remain an Rbaryon due to the absence of anti-quarks in the detector material. Among the possible R-baryons which can form, the case Dud with d and u in an s-wave configuration will be the lightest state, with the p-wave configurations of Dud, Ddd and Duu more massive. In contrast, R-mesons of the form D c q will remain R-mesons due to the lack of quark-antiquark annihilation possibilities. Even if an Rbaryon of the form D cqq were to form, it would quickly be destroyed by baryon-to-meson interactions which produce light pions.
With the cross-sections given above, we expect the exotic R-hadrons to undergo a number of interactions with the hadron calorimeter. For R-baryons (R-mesons) we estimate on average 8 (6) interactions in the "barrel" region (0 ≤ η ≤ 1.5) and 10 (7) interactions in the "endcap" region (1.5 ≤ η ≤ 2.4) for both the ATLAS and CMS detectors prior to entering the muon system. As the bulk of the energy and momentum is carried by the (non-interacting) exotic quark, these interactions tend to result in a very small energy deposit in the calorimeter cells [114] . The exact amount depends on the mass of the R-hadron, its kinetic energy and the material through which it is passing. As an example, consider the pair production via QCD of exotic fermion LEPs with mass M D = 600 GeV. Figure 12 gives the distribution of kinetic energies of the produced LEPs from a simulation 10,000 events (roughly 10fb −1 of data-taking). While most are produced with relatively little kinetic energy there is a long tail in the distribution, with a mean at E kin ≃ 400 GeV. From the results of [115] we estimate 16 Approximately 15% of the R-hadrons produced in the primary high-p T process will involve a strange quark, with a resulting 6 mb reduction in their interactions with protons and neutrons. As this will have a negligible impact on the collider physics considered below we will neglect all heavy flavor R-hadrons. the typical energy loss per interaction for R-hadrons with E kin < ∼ 1 TeV to be somewhere between 0.2 and 2.2 GeV. For our simulations in the next subsection we will assume 1.5 GeV in energy loss per nuclear interaction. We therefore expect most, but not all, R-mesons produced in the primary interaction with |η| ≤ 2.4 to punch-through to the muon chambers as some form of R-hadron in the ATLAS or CMS detector. Those including D will most often arrive as neutral R-baryons while those involving D c will arrive as some form of neutral or charged R-meson. If we neglect the small possibility of D c s R-mesons, we would anticipate roughly 50% of the R-mesons involving D c to be charged when they enter the muon chamber. These charged R-hadrons will leave tracks in the muon system and will have a characteristic velocity β significantly different from the essentially massless muon. Of course it is possible for R-hadrons of all types to further interact hadronically in the muon system -perhaps in a charge-exchanging way. We will neglect that small possibility in what follows.
Typical distances between the widely separated resistive plate chambers in the muon systems of ATLAS and CMS are less than 1 meter, with a separation between the first and last such plate at approximately 3 meters [118] . It should therefore be possible to make a robust distinction between tracks arising from the exotics and those from background muons by measuring the respective times-of-flight (TOF). The primary source of background muons will be single and double weak boson production. Separating the signal from background can be performed by requiring that the TOF between any pair of reference points for the candidate R-hadron be at least 3 ns greater than the TOF of a muon (with β ≃ 1). The value of 3 ns is sufficiently greater than the δt resolution of both the ATLAS and CMS muon system to provide a highly significant S/ √ B value [115] . The final requirement is that the R-hadron be moving sufficiently swiftly to arrive at the muon chamber with the time-window for the data to be recorded with the current bunch crossing. This corresponds to a TOF of approximately 18 ns to reach the muon system, or β ≃ 0.5 for the R-hadron [119] .
B. Discovery Reach
There remains, however, the question of triggering on these events. What fraction of the R-hadron events will eventually be recorded to tape? The low-level trigger must capture an event prior to full reconstruction, thus the presence of tracks in the inner detector will not be sufficient to capture an event without significant activity in either the calorimeters or the muon chambers. R-hadrons which stop in the calorimeter will likely deposit sufficient energy to trigger in the E sum T channel or E miss T channel (assuming the other R-hadron punches-through or decays at a different time). However, given the potentially very long lifetimes of these states these decays will occur at a much later bunch-crossing than that which produced the exotic quarks. Such issues have been addressed in the context of long-lived gluinos [120] . We will not pursue the phenomenology of these cases further, though we will note the number of such "stopping" exotics in our simulations to follow.
The punch-through R-hadrons are likely to leave only 10-50 GeV of transverse energy in the detector -not enough to trigger in the E sum T channel. Furthermore, as the exotic quarks are pair produced and are back-to-back in the center-of-mass frame, the total amount of transverse energy carried away by the exotics is small. Of course, production of the next-to-lightest exotic particle (NLEP) allows for the possibility of either increased E ; typical values are less than 50 GeV.
If either of these triggers is utilized, the event will almost certainly pass the second level triggers as well (due to the presence of, say, a charged track leading to the calorimeter cells and/or the presence of a track in the muon chamber). Nevertheless, it is still preferable for a track to be identified in the muon chamber for signal extraction and correct particle identification. We thus consider the muon trigger alone. Since we expect the emergence of only one charged R-meson (at most) from the two produced exotics, the appropriate low-level trigger is the single-muon channel. We will require a very conservative p T threshold of 15 GeV for triggering on the R-mesons that enter the muon chamber (after accounting for the energy loss due to hadronic interactions in the calorimeter).
We illustrate the effectiveness of this search strategy in Table III Temporal acceptance represents the fraction of charged nonstopping R-hadrons that arrive within 18 ns of the primary interaction for the event. The percentage that traverse a 3 meter fiducial distance at least 3 ns slower than a β = 1 muon would is given by TOF. The product of these fractions is the total acceptance. The number of signal events (as well as the number of stopping R-hadrons) is given for 10 fb −1 of integrated luminosity.
roughly 25% emerge from the calorimeter into the muon system as charged mesons. Of these, approximately 80% have β ≥ 0.5 and thus arrive within 18 ns of the primary interaction in the event. Each of these R-hadrons will therefore produce a charged track in the muon system. The distribution in transverse momentum for these objects upon arrival at the muon chambers is given in Figure 13 for Scenario C. In this case all of the R-mesons have sufficient p T to trigger given our 15 GeV minimum p T requirement. This fact was true of all five benchmark points. Thus adding additional trigger possibilities (such as E miss T ) is unlikely to add significant numbers of signal events if the muon system is to be used for particle identification. Finally, the fraction of R-mesons moving sufficiently slowly to traverse a 3 meter fiducial distance at least 3 ns longer than a β = 1 muon is given by the "TOF" entry in Table III . This represents the vast majority of R-mesons that enter the muon system within the 18 ns time window. We therefore estimate the total acceptance to be approximately one-sixth of all produced quasi-stable exotics.
The discovery reach will track the production crosssection for the lightest exotic particle. In each of our benchmark cases there is at least one exotic state with a mass below 450 GeV, providing for copious production at LHC energies. For the simulations described in Table III we allow for production of both the exotic fermion and the lighter exotic scalar. In case A both the fermion LEP and its slightly heavier scalar will be quasi-stable, while the other cases will involve SUSY cascade decays for the heavier states. The higher production cross-section for the fermion (as demonstrated in Section II D) reflects itself in the factor of ten between the number of signal events that arise for cases A-C and those of cases D and E. The distribution of p T for charged R-Mesons with β ≥ 0.5 upon entering the muon system. We assume a minimum of p T ≥ 15 GeV to trigger on the charged track. All R-hadrons moving with the minimum velocity have sufficient momentum to meet this threshold. covery reach at the ATLAS experiment for "punch-through" quasistable exotics. The threshold for discovery is taken to be ten muonlike events, assuming a negligible background rate.
Given the exceptionally large signal-to-background ratio for events of this type, discovery will not prove a problem if such light exotics exist. We also note that a fair number of the produced exotics have insufficient kinetic energy to punch-through to the muon system and will stop in the calorimeter. The issue of detecting these events has been addressed elsewhere [111] . As the lifetime of these exotics is an undetermined parameter, we merely list the number of such events in Table III .
As the masses of the exotics increase, the production rate falls. We estimate the discovery reach in m D and m D0 via the muon signature channel in Figure 14 . We use the standard practice of taking ten events to constitute the discovery threshold in cases with an exceptionally small number of expected background events. This corresponds to a mass reach of m D < ∼ 1700 GeV for the fermion and m D0 < ∼ 1450 GeV for the scalar exotic in 10 Discovery reach at the ATLAS experiment for quasi-stable exotics which stop in the calorimeter and subsequently decay. The threshold for discovery is taken to be ten such events, assuming a negligible background rate.
fb −1 of integrated luminosity. Since it should also be able to detect the fraction of events that stop somewhere in the detector itself, we also include the mass reach for this signature in Figure 15 . Here the mass reach for 10 events is m D < ∼ 1100 GeV for the fermion and m D0 < ∼ 925 GeV for the scalar. These rough estimates for the discovery reach of quasi-stable SU (3)-charged objects are in good agreement with calculations performed in other model contexts [115, 116, 117] .
V. PROMPT DECAY SIGNATURES
Our intention is to study the presence of exotic supermultiplets in the presence of "standard" supersymmetric states such as those of the MSSM. This is motivated by a number of considerations. First, the study of the collider signatures of E 6 -inspired exotics in isolation has been performed by a number of authors. The signatures and analysis strategies for these cases are by now well understood. For example, a scalar state which decays directly into a lepton + quark or into two quarks can be reliably reconstructed by looking at the invariant mass distribution of leptons + jets and pairs of jets, respectively. This is possible even in the presence of Standard Model backgrounds and a measurement of the mass of the exotic scalar can readily be made [66] . It is therefore more interesting to consider the situation when a richer spectrum of "new physics" is present.
Second, most theoretical models of supersymmetric physics that have an ultraviolet completion -whether a GUT model or some sort of string construction -tend to predict that the exotics described in Section II will be present in conjunction with the states of the MSSM. In fact, as alluded to in the Introduction, they will typically arise with additional gauge fields (and their gaugino partners) and additional scalars. Therefore, considering the exotics in isolation may oversimplify the experimental challenges associated with these fields. Finally, it is interesting to ask how the presence of MSSM superpartners can serve as "background" to the identification, extraction and eventual study of exotic new supermultipletsand indeed how the exotic states can complicate otherwise well-established analysis routines for supersymmetric parameter measurements.
In this section we will study the collider signatures of our exotic benchmark cases from Table II. We will focus primarily on the leptoquark scenario for technical reasons, but we will occasionally address the diquark scenario as well. We reserve a full treatment of the diquark cases to a future publication. We allow the full set of interactions between exotics and MSSM states given in equations (2.3) or (2.4), but restrict ourselves to interactions between the exotic states and the first generation of Standard Model/MSSM states. We will also restrict the interactions with gauginos and Higgsinos to include only those states of the MSSM (i.e., we continue to neglect the possible presence of additional singlets or U (1) factors). This truncation reduces the model-dependence of the study considerably and corresponds to plausible limits of full-scale extended models [121, 122] . We will also restrict attention to a single exotic fermion and the lighter exotic scalar, and will ignore the possibility of heavier generations of exotic particles. The latter would generally be expected to decay rapidly to the lightest generation if they mix and are sufficiently heavy, or else to exhibit production and decay patterns similar to to those of the lightest generation. Finally, we ignore decays into the right handed neutrino ν c and its scalar partner. Depending on the model of neutrino mass generation, their masses might or might not be relevant at the LHC [46] . If they are sufficiently light, the effects of the λ 8 term in (2.3) would be similar to those from the neutrino part of the λ 7 term.
A. Decays of Exotics
The majority of previous studies on the collider phenomenology of leptoquarks and diquarks have focused on non-supersymmetric scenarios in which the exotic state decays directly to Standard Model states. This may arise through mixing operators or by considering only the production and decay of scalar exotics with branching fractions to pairs of SM fermions set to unity [55, 56, 57, 58, 59, 60, 61] . In order to discuss the full range of supersymmetric decays available -and to study the interesting issues outlined in the introduction to this section, it is necessary to postulate a fixed spectrum of MSSM states to include with the five scenarios of Table II. Our MSSM "background" sample corresponds to the minimal supergravity point SPS 1a, from the Snowmass Points & Slopes [67] . This point has a spectrum determined from the following set of minimal supergravity parameters: a unified scalar mass m 0 = 100 GeV, a unified gaugino mass m 1/2 = 250 GeV, a unified trilinear scalar coupling A 0 = −100 GeV, tan β = 10 and positive µ parameter. These soft supersymmetry-breaking values are specified at a high-energy input scale, here assumed to be the GUT scale (Λ gut = 1 × 10 16 GeV). These GUTscale parameters are passed directly to PYTHIA, which then generates the physical mass spectrum for the MSSM at the electroweak scale. This process involves using approximate analytical solutions to the renormalization group equations (RGEs) for the soft Lagrangian parameters. Superpartner masses are computed at tree level, except for the Higgs sector which is computed from the full one-loop effective potential. The result is given in Table IV . A more careful treatment of the RGEs and/or the physical eigenstate masses might correct these numbers by as much as 10%, but the accuracy achieved here is sufficient for out purposes.
Snowmass Point 1a is the benchmark point from [67] most favorable for SUSY discovery at the LHC. It is therefore one of the most-studied supersymmetric models in the literature. All the superpartners are within reach of the LHC (and indeed, some may be detectable at the Tevatron with sufficient integrated luminosity). The relatively light scalar leptons are particularly important for this benchmark point, as they significantly enhance the event rate for trileptons and large missing transverse energy ( E T ) through the production of electroweak gauginos. The relatively light gluino also ensures a large rate for multi-jet events with large E T . We will discuss these properties in the following subsections.
The five cases in Table II were selected to provide a range of possible decay chains between the exotic states, the MSSM spectrum and Standard Model states. The most important of the relevant mass scales are shown schematically in Figure 16 . Mass differences between the exotic fermion and the lightest exotic scalar are given in terms of the ∆ 1 variable introduced in (2.9) for the five Table II . The mass difference between the exotic fermion and the lightest scalar, given by the quantity ∆ 1 in (2.9) is given for each of the five cases summarized in Table II . We indicate with dotted arrows the masses of some of the relevant MSSM states that may appear in the decay chains.
cases (note that ∆ 1 < 0 for cases A-C). Key thresholds are indicated by superpartner masses for the two lightest neutralinos χ 0 1,2 , the gluino g, the lightest first-generation sleptons e 1 and the lightest first-generation squarks d 1 . Note that the exotic fermion and its lightest scalar partner are each above 300 GeV in mass in all five cases.
In the first three cases of Table II the fermion is the lightest exotic particle (LEP). For the leptoquark scenario the two-body decay channels to a scalar lepton and a (massless) quark are always available due to the very low-mass sleptons in the SPS 1a model. Taking L are 28%, 50% and 22%, respectively for cases A-C. For the diquark scenario the equivalent two-body decays to a quark and squark are kinematically forbidden. In this case the fermionic diquark must decay via three-body channels into states involving gauginos and two SM quarks. For our analysis we will only consider cases in which the final state involves the LSP neutralino. These three-body decay rates are given in Appendix B for decays via first-generation virtual squarks, as are those for the leptoquark case (relevant in different kinematic regimes for which the twobody decays are forbidden).
For both the leptoquark and diquark scenarios the direct decay into Standard Model fermions is the only channel kinematically available to the exotic scalar in Case A. The diquark has a single channel D Table V . As an example we give in Figure 17 the branching fraction into the seven allowed final states for decays of the scalar D LQ 0 as a function of the size of the leptoquark Yukawa interaction. For convenience we here take λ 6 = λ 7 ≡ λ LQ . The vertical dotted line at λ LQ = 0.1 defines the model we will consider in Section V B.
partner + e χ 0 1
partner + e χ 0 2
partner + e χ 0 3
partner + e χ 0 4
partner Table II . A checkmark indicates an allowed decay channel. The double checkmark indicates the channel with the largest branching fraction. Note that this channel need not be the same for the diquark and leptoquark scenarios.
The scalar partner is the LEP for cases D and E. Here the scalar always decays via the Yukawa couplings of (2.3) and (2.4) to pairs of SM fermions. Case D was designed decays in Scenario D. The branching fraction into the eight allowed final states for the fermionic leptoquark are given as a function of a (universal) Yukawa coupling λ 6 = λ 7 ≡ λ LQ . These allowed final states are as follows:
to allow the decays D 1/2 → D 0 χ 0 1,2 , as well as decays via the Yukawa interaction to f f ′ final states. The branching fraction for decay into the exotic scalar + LSP is 32% for the leptoquark and 72% for the diquark. In the latter case, decays into′ final states are suppressed by the relatively large squark mass scale. Final states such as d ν e and u e − are similarly suppressed for the leptoquark. In this latter case the final states d ν Figure 18 as a function of Yukawa coupling λ LQ . Again we indicate the choice λ LQ = 0.1 by the vertical dotted line. For Case E the very large mass difference between the fermion and scalar LEP allows all decay processes for both leptoquark and diquark. Here the dominant rate is to D 0 g with branching fractions of 97% and 94%, respectively. The decay possibilities for cases D and E are summarized in Table VI .
partner + e g f + f Each individual decay channel was given its own po-sition in unused entries in the BRAT and KFDP common blocks in PYTHIA. Two-body decays are computed at initialization by the new routine PYEXDC on the basis of user-designated Yukawa interactions and particle masses. Three-body decays require a more sophisticated treatment due to the numerical phase space integrations required. For these specific decays the result of these numerical integrations are given directly to PYTHIA for the five scenario points in Table II .
B. Collider Signatures
We now turn our attention to the signature for these exotic supermultiplets at the CERN LHC. We are interested in what can be learned about the exotic component of the SUSY signal in the earliest stages of LHC data collection and analysis. Hence we will study 5 fb −1 of simulated signal data, where the signal here includes both the events associated with the SPS 1a benchmark point and one of our five exotic scenarios. Signatures involving the diquark tend to be multi-jet events with slightly less missing transverse energy than a "typical" MSSM SUSY event. As we will not be simulating Standard Model backgrounds for QCD jet events, making meaningful statements about signal-to-background estimations is difficult, even with a full detector simulation. A realistic study of such exotics would require a more sophisticated treatment of SM multi-jet backgrounds than we are providing in the current work. Furthermore, an additional technical difficulty arises in this case when hadronizing the out-going partons in PYTHIA when non-standard (i.e. non-planar) color flows are involved.
17 For these two reasons we will defer the treatment of the case of diquark couplings for the exotic multiplets to a subsequent publication, when the technical issues mentioned here can be more adequately resolved.
For the leptoquark scenario the Standard Model backgrounds are similar to those of typical SUSY events and have been studied elsewhere [123, 124, 125] . In this paper we will rely on those estimates to allow us to discuss the collider signatures without computing the relevant background samples. Nevertheless, a sample of 200,000 tt and 40,000 W + W − /W ± Z/Z Z events were generated for examining the efficiency of our cuts in isolating the exotic leptoquark signal from both the Standard Model and MSSM backgrounds. We proceed by simulating the events with PYTHIA and then pass the events to PGS [126] to simulate the detector response. The detector parameters are those of the hybrid ATLAS/CMS detector used by the LHC Olympics [127]. As we do not wish to concern ourselves unduly with detailed issues of trig- 17 Unfortunately, we have yet to find an adequate solution to this problem, which (to the authors' knowledge) afflicts all publiclyavailable event generation software. variable was over 150 GeV. The third column gives the fraction of generated events which pass this crude trigger threshold.
gering, we have chosen to utilize the simplified triggering algorithm from version 3.0 of the PGS package. More specifically, we will analyze events for which the quantity H trig T ≥ 150 GeV, where
The objects appearing in the summation above are candidate objects; e.g. the electrons and muons in the first term in (5.24) are trigger-level electrons and muons. The taus in (5.24) are hadronically-decaying tau-candidates. Crudely speaking, electron and muon candidates must have p T > 10 GeV, hadronically-decaying tau candidates and jet candidates must have p T > 100 GeV and E T must be greater than 50 GeV to appear in the trigger function.
Can the new physics be definitively detected?
As mentioned in the previous subsection, the spectrum for Snowmass Point 1a gives rise to signatures that have been extensively studied in the past. The presence of excesses above Standard Model predictions can be definitively established in multiple channels in this scenario for even a handful of inverse femptobarns of integrated luminosity. The most important of these channels are multi-jet final states, multi-jets plus one or more leptons, events with same-sign pairs of leptons and any number of jets, trilepton events, and events with three taus in the final state [128, 129, 130] . All of these cases are for events accompanied by large E T values.
We expect the additional contribution from the isosinglet exotics to add to these event rates -making the discovery of "new physics" even more rapid. In 5 fb −1 of integrated luminosity 185,544 MSSM events from SPS 1a passed our low-level trigger function (an acceptance rate of about 93%). The corresponding number of accepted events for the five exotic scenarios is given in Table VII . The relatively large production rate for the light exotic fermion in cases A-C nearly doubles the new physics sample, while the light-scalar scenarios provide only a small additional contribution. Not all of these additional events, however, will enter the SUSY search analyses.
Let us consider the bluntest, but most effective, tool for establishing the presence of beyond-the-Standard Model physics: the M eff analysis for events with multiple highp T jets and large E T [123] . Following [125] we select events with at least four jets, no isolated leptons with p T ≥ 20 GeV, transverse sphericity S > 0.2, and E T ≥ 100 GeV. We require the p T of the hardest jet to be at least 100 GeV and the p T of the four hardest jets to each be above 50 GeV. The variable M eff is given by the scalar sum 25) where p T,i is the transverse momentum of the i-th jet, ranked in order of p T value. We plot this quantity for the SPS 1a model together with each of the five exotic scenarios in Figure 19 . For mass bins with M eff > ∼ 600 GeV a clear excess over the rapidly-falling Standard Model background should be visible. Note, however, that the additional exotic component adds very little to the event sample in this analysis. While 33,836 events in the SPS 1a sample pass the above event selection cuts, less than 3,000 events pass them in cases A-C, while for cases D and E only 410 and 490 events, respectively, enter the analysis. Even if we allow events with any number of high-p T leptons we increase the SPS 1a acceptance by a factor of 1.5, but for the exotic samples the increase is only a modest factor of 3 for the fermion LEP cases and 2 for the scalar LEP cases. The most severe cuts turn out to be the requirement of four hard jets and the cut on E T . We prefer not to relax the E T > 100 GeV cut without a thorough Figure 19 but now formed from all high-p T objects with at least two jets and any number of leptons. In this case the additional contribution from pair production of exotic fermions is apparent in fermion-LEP cases A-C.
understanding of the Standard Model backgrounds. But in Figure 20 we plot the quantity M eff for all objects in events with at least two jets, each with p jet T ≥ 50 GeV and any number of leptons (the other cuts remaining the same as before). The scalar LEP cases continue to contribute very little to the analysis, but now some structure is evident in the M eff distribution for the fermionic LEP cases, albeit for low-energy bins where Standard Model processes will likely be dominant. In Figure 21 we focus on Case A where we show the individual contributions to the M eff variable of Figure 20 from SPS 1a and from the fermionic LEP Case A. The two distributions are clearly separated, with the SPS 1a peak representing squark and gluino production while the peak for exotic Case A represents fermion LEP pair production. Whether or not the peak in this distribution at lower M eff values is observable over the Standard Model background is an open question that will require further study with full background simulation.
As our exotic signal will generally involve one or more hard leptons in the final state we might expect that the inclusive signatures involving leptons will be more highly augmented over the SPS 1a case alone. In Figure 22 we give the event rate for the six key inclusive signatures studied in [123, 124, 130] for SPS 1a and the five exotic scenarios of Table II . The first inclusive signature involves the event sample for the M eff analysis: multijet events with large E T and no isolated leptons. The other five of these discovery modes involve high-p T leptons. They are jet events with single isolated leptons, events with jets and opposite-sign (OS) dileptons, events with jets and same-sign (SS) dileptons, events with three leptons and jets and events with three high-p T taus. All of these signatures involve large missing transverse energy. In contrast to Ref. 130 we give numbers of events of these signature topologies after applying a set of cuts designed to reduce the Standard Model background. These cuts are based on those of Refs. 123, 124. All events in Figure 22 have E T ≥ 100 GeV and n jet ≥ 2, except for the multi-jet category where we require n jet ≥ 3. For the multi-jet case we require the three hardest jets to have p As expected, the multi-jet channel is overwhelmingly populated with events from the MSSM states. Event rates for the leptonic final states for cases A-C (with the fermion LEP) can be competitive with those of standard SUSY -particularly for the OS dilepton case where the large production cross-section for fermionic LEPs couples with the unit branching ratio for these states to quark + slepton. For cases D and E (with the scalar LEP) the exotic contribution to these inclusive signatures is a very small fraction of the total event rate. Nevertheless, in a world with only the supersymmetric exotic sector the scalar-LEP models are likely discoverable on their own in 5 fb −1 of data in the trilepton and jets + lepton channels (particularly if judicious cuts on the size of E T are made in these events). The fermionic LEP models give strong signals in all leptonic channels. When combined with the large rate from SPS 1A it is clear that robust "discovery" modes for new physics will be present across the board, even in the early stages of LHC running.
Can the exotic component be extracted?
Observation of the combined event rates in the six channels of Figure 22 should give clear evidence of new physics at the LHC, and should furthermore strongly suggest supersymmetry as the source of that new physics signal. Yet it is not immediately clear that the exotic component -above and beyond the spectrum of the MSSMwould be recognized merely from the inclusive signature counts. Taking into account the logarithmic scale in Figure 22 we note that the MSSM processes still dominate most of the inclusive signatures, particularly for exotic cases D and E. Nevertheless, the signal is clearly "lepton rich" relative to SPS 1a alone. Presumably an attempt to fit initial data to paradigms such as minimal supergravity would be unable to reproduce the large rate for multi-lepton events. 18 The first suggestion of beyondthe-MSSM physics may therefore arise from fits to the data which suggest extremely light slepton masses (say, below the bounds set by direct search limits) or anomalously large branching fractions of gauginos to leptonic final states.
One can find additional hints from the data itself. We have already seen that plotting the effective mass of all objects in events with at least 100 GeV of E T , at least two jets of p jet T ≥ 50 GeV and any number of leptons produces a structure indicating some subset of events are not arising from gluino and/or squark production. Yet these low effective-mass bins may not be visible above the Standard Model background when the cuts of Ref. 123 are loosened. Indeed, the rough topology of events arising from pair production of leptoquark D 1/2 pairs is not unlike top quark events; cuts designed to reduce the rather large tt background at the LHC will therefore tend to reduce the exotic signal in these channels as well.
Nevertheless, some basic observations may suggest a leptoquark interpretation for at least some of the signal events. Those events arising from either fermionic or scalar leptoquarks distinguish themselves from those arising from the MSSM states of SPS 1a in three main ways: (1) lower jet multiplicities, (2) higher lepton multiplicities and (3) lower values of E T . In Figure 23 we plot the distribution of missing transverse energy in all events for each of our data samples. The standard MSSM processes give rise to a broad distribution which peaks at relatively large E T values. For example, requiring a E T cut of 100 GeV only eliminates 9% of the data sample (as opposed to 75% of our tt sample and 87% of our diboson sample). In contrast, the fermionic LEP cases give a much sharper peak at roughly half the value of the SPS 1a case. Nearly 50% of these events have E T < 100 GeV. For the scalar LEP cases we have a sizable production of the scalar exotic, which decays directly to two Standard Model fermions with almost no missing energy. The long shallow tails are from the production and decay of the much heavier exotic fermion. Missing transverse energy in Standard Model events tends to peak at or below 50 GeV and fall rapidly. This suggests that at least for the fermionic LEP cases, the bimodal distribution in E T for the joint case of MSSM + exotics should indicate two sets of fields being produced, both with production cross-sections suggestive of strongly-interacting states, but with different mass scales and decay topologies.
In Figure 24 we give the typical number of leptons per event for the individual data samples. In each case the leptons are required to have at least 20 GeV of transverse momentum, but no other cuts are applied to the events. The exotic leptoquark samples clearly favor higher lepton multiplicities, but the characteristics of these leptons themselves (such as M eff computed solely from leading leptons, or the p T distribution of the hardest lepton) do not differentiate between the SPS 1a events and the exotic events. The experimentalist investigating these events will find no peaks in the invariant mass distributions of various pairs of leptons. However, the events with multiple high-p T leptons tend to be those events with less E T . Consider, for example, exotic case A in conjunction with the SPS 1a model. In Figure 25 the scalar sum of p lep T values for all leptons in events with at least two isolated leptons is plotted versus the missing transverse energy in those events. It is clear from Figure 25 that there is some rough anti-correlation between the energy accounted for by leptons and the amount of energy carried away by LSPs. The feature visible along the horizontal axis in the figure (that is, for extremely small values of E T ) with extremely energetic leptons are events involving the pair production of scalar leptoquarks -which have a sizable event rate for the 367 GeV scalar mass of this benchmark point. The events in this part of the scatter plot also appear in the low E T bins in Figure 23 for case A. All of the events in Figure 25 have high-p T jets, yet no such anti-correlation or low E T feature is apparent in the analogous scatter plot involving jet p T values.
At this stage, if we were confronted with cases A-C we might conclude that in addition to squarks and gluinos (with a mass-scale of approximately 600-800 GeV) we are also producing a second class of states with a mass-scale of approximately 300-500 GeV. The overall rate for pair production of new states of this mass is consistent with those states being fermions which interact through the strong interaction. Events of this class occur with smaller amounts of E T than the squark/qluino events, and are associated with increased numbers of leptons and fewer jets. The association of strongly-coupled physics with prompt leptons and smaller but still significant E T signals may suggest a supersymmetric leptoquark interpretation. For cases D and E, where the event rates are lower, the E T signal is muted or non-existent and the Standard Model backgrounds are more problematic; it is unlikely that any deviation from the MSSM spectrum would be apparent given the crude observations presented here. We have argued that 5 fb −1 of integrated luminosity is likely sufficient to reveal the presence of supersymmetric new physics. In the three cases involving a light exotic fermion it is also likely sufficient to reveal one or more objects with a production rate indicative of strong coupling but with decay chains in which high-p T leptons are prominent. Even in cases D and E for which there will be little evidence for an exotic component to the SUSY signal, it is still likely that experimental searches for leptoquarks will be performed nonetheless.
In Figure 26 we plot the invariant mass distribution of the hardest lepton and softest jet in events with precisely two jets and two (opposite-sign) leptons. Jets were required to have at least 50 GeV of transverse momentum and events were vetoed if either jet was B-tagged. A cut was made on the p T of the leading lepton of 50 GeV, and 20 GeV for the trailing lepton. Finally, we require the events to be somewhat collimated along the event axis, so we require the transverse sphericity to be no greater than 0.7. This final cut significantly reduced the contamination from both Standard Model processes and SPS 1a events (an acceptance rate of approximately 0.04% for 
via the on-shell cascade decay D 1/2 → ql → qℓχ 0 1 . For cases A-C this happens to be very near the mass difference between the fermionic LEP and the lightest neutralino. Mass peaks arising from the scalar pair production with D 0 → qℓ can be reconstructed for all scenarios in which there is significant scalar production (case C had only 38 scalar events in 5 fb −1 of data). The true mass value for the lighter scalar is given over the corresponding peak in Figure 26 . We note that if a cut on missing energy of E T ≥ 50 GeV were applied, the scalar mass peaks would vanish from the distributions in Figure 26 , though the end-point in the distribution associated with fermion pair-production would still be visible.
These peaks can be isolated and sharpened by making stricter cuts on the data set, such as demanding E T ≤ 25 GeV, requiring the scalar sum of p T values from the two jets and two leptons sum to at least 400 GeV, and requiring the invariant mass of the lepton pair to be at least 100 GeV. An important cross-check is to find the same peak in the jet/lepton invariant mass distribution in associated production of scalar leptoquarks through the process g q → D 0 q. We can isolate this process by requiring (a) at least two jets without B-tags, the hardest jet having at least 200 GeV of transverse momentum and all others having p T ≥ 50 GeV, (b) precisely one isolated lepton with p T ≥ 50 GeV, and (c) E T ≤ 20 GeV. Pairing the second hardest jet with the single lepton gives a clear peak at the same mass values as those in Figure 26 .
Thus, in every one of the scenarios of Table II there should be at least one exotic state, and occasionally two such states, which can be identified at the LHC -even with limited initial data. With additional statistics it should be possible to measure the masses of low-lying scalar mass eigenstates in all five scenarios. Reconstruction of cascade decays with additional integrated luminosity should also allow a determination of the exotic fermion mass in all five cases. We note, however, that the presence of the (supersymmetric) exotic states can complicate the analysis of the signal arising from MSSM states.
As the simplest example, we may consider the flavorsubtracted dilepton invariant mass distribution for OSdilepton events in Snowmass point SPS 1a. For low-mass SUSY points such as this, even a small data sample is sufficient to establish a sharp "edge" in the weighted sum of distributions given by
The quantity in (5.27) for SPS 1a is given by the dashed line in Figure 27 . The edge at M inv (ℓ + ℓ − ) ≃ 90 GeV is the result of the flavor-subtraction procedure. When the pair of opposite-sign leptons arise from a single decay chain of χ 0 2 → ℓ ±l∓ → ℓ + ℓ − χ 0 1 , the two leptons are forced to be of the same flavor. When the two leptons come from two independent decays (as in the case of t −t production, or pair production of squarks and gluinos) the probabilities for same-flavor and opposite-flavor lepton pairs are roughly the same. The subtraction procedure therefore efficiently isolates the exclusive decay chain for χ 0 2 decays and produces a sharp edge at the value
which happens to be very nearly the mass difference
in Snowmass point 1a. Yet the effectiveness of this subtraction procedure is a result of the flavor-democracy of Standard Model gauge interactions (which are related to the decay rates of gauginos by supersymmetry). For our exotic states these decays are governed by Yukawa interactions which (up to model-dependent constraints from flavor-changing processes discussed in Section III B) are largely free parameters. When the fermion LEP preferentially decays to one flavor of lepton, for example, the subtraction technique will fail to completely isolate gaugino decays. We show this effect by the solid line in Figure 27 where Snowmass point SPS 1a is analyzed together with the exotic states of Case A. In this case the exotic is decaying exclusively to first-generation leptons. The distribution still exhibits an edge (suggesting on-shell sleptons in the decay chain), but the significance to this shape fitting will diminish greatly without changes to the manner in which the gaugino signal is extracted. This will necessarily degrade the accuracy with which mass differences between low-lying superpartners and the LSP can be determined.
VI. CONCLUSIONS
In this work we have provided a case study on how "New Physics" might appear in the early stages of the LHC experiment at CERN. If this new physics is the minimal supersymmetric standard model (or even more specifically, one of the specially-defined benchmark points of this model that have been designed by theorists), then it is very likely that the presence of the new physics and measurement of many key properties will be straightforward. It is not at all unlikely, however, that a supersymmetric world may be far from minimal. Evidence in support of this comes both from top-down constructions of GUT or string models as well as considerations of a bottom-up nature which focus on naturalness of the electroweak symmetry-breaking sector in SUSY [138, 139, 140] .
We have presented here just such an alternative world that is very much a plausible outcome of semi-realistic string constructions. The common element of these models is the presence of SU (3)-charged squarks and quarks which are isosinglets under weak SU (2) and carry equal and opposite hypercharge. Such states may present themselves as new 'partners' of Standard Model down-type quarks and squarks, as leptoquarks or diquarks, or may have more exotic properties which forbid renormalizable-level couplings altogether. We have used the language of E 6 to characterize these states for convenience, but E 6 GUT models are by no means the only way in which such states can arise. The potential phenomenology of these states is both rich and tightly constrained, providing an interesting scenario for untangling high-scale physics from the low-energy observables of the LHC.
If such states exist at LHC-accessible energies their presence will most surely be detected. This was the conclusion of previous work that considered such states in isolation, with only Standard Model fields serving as 'background.' In our work we have provided the first analysis of such fields in the simultaneous presence of 'standard' superpartners, using the benchmark point of SPS 1a as our example of simple SUSY models. The result of our study has been to point out important consequences for experimenters hoping to observe and measure the properties of new physics in both sectors. A strong supersymmetric signal will not be obscured by these exotic states, but recognition of the new states may not be immediate. In the interim, we can expect fits to standard SUSY-breaking paradigms such as minimal supergravity, to fit well initially. As the LHC experiments integrate luminosity, we expect statistically significant deviations from the predictions of the pure MSSM to arise. In the leptoquark exotic case considered here that deviation will first appear in events with both leptons and high-p T jets, but with little missing transverse energy. We anticipate that astute experimentalists will consider a leptoquark interpretation of these 'anomalous' events, but most SUSY analysis techniques (particularly those which seek to isolate certain cascade decay chains and therefore measure certain mass differences) will need significant refinement. We hope that the work presented here will spur others to provide a more sophisticated treatment of the quite-plausible 'what-if' scenario we provide, and to provide similar checks on the robustness of long-established analysis techniques.
Production Cross Sections
• q +q → D 1/2 D 1/2 There are two parton-level sub-processes of relevance: the q-q annihilation (two quarks of the same flavor) through gluon exchange in the direct channel and a diagram with t-channel exchange of a squark or slepton through the Yukawa interaction. The differential cross-section for the leptoquark case is given by d σ dt = 4πα Note the following: (1) In doing the PYTHIA analysis we always take λ 6 = λ 7 , λ 8 = 0 and λ 9 = λ 10 . So expressions involving α y should be understood as involving the common value of this Yukawa interaction. (2) For the Snowmass point we use as our superpartner spectrum, the up and down type left-handed squarks have the same masses to within a percent and up and down right-handed squarks have the same masses to within less than a percent. Thus, in evaluating (B.5) PYTHIA takes just the (common)q L soft mass andq R soft masses.
•
There are two sub-diagrams for this process: the diagram with the initial gluons leading to a gluon intermediate state and then to two fermions, and the t-channel/u-channel exchange of the heavy fermion D plus the equivalent expression witht ↔û.
• q +q → D 0 D 0
For this process there are two types of diagrams: q-q annihilation (two quarks of the same flavor) through gluon exchange in the direct channel and t-channel exchange of a Standard Model fermion. As we allow our exotics to interact solely with first generation Standard Model fermions, the appropriate differential cross-section is for first-generation q,q.
The QCD diagrams for the diquarks and leptoquarks are the same. There are several sub-diagrams: the diagram with the initial gluons leading to a gluon intermediate state and then to two scalars, the t-channel/u-channel exchange of the heavy scalar D 0 , and the "sea-gull" four-point diagram. 
.
(B.8)
Single scalar leptoquarks and diquarks can be produced in association with a lepton and quark, respectively. The diagram involves gq initial states, either a quark in the direct channel or an exotic squark in the indirect (u) channel, and then a scalar and fermion in the final state. One of the two vertices is then given by QCD while the other is from the appropriate Yukawa coupling. The expression for the leptoquark is given by d σ dt = πα s α y 6ŝ 2 −t s
(B.9)
The equivalent expression for the diquark gets an extra factor of two from the different color contraction.
•q +q → D Then the partial widths for the exotic decay channels considered are given by the following:
state or virtual right-handed squarks. The amplitudesquared, summed over final colors and averaged over initial spins, is given by 27) where C = 2 is the color factor for this process and
(B.28)
The Y i are given by the expressions
(B.30)
All outgoing momenta are assumed to be physical momenta. In the rest frame of the initial state D DQ 1/2 we therefore have the products 
